Glyptostrobus pensilis (Cupressaceae) is a critically endangered conifer which occurs in China, Laos, and Vietnam where it is only known from a few populations. Here we aim to develop microsatellite markers which can be used to study the genetic variation within this species. Using transcriptome data we tested 170 SSR loci for polymorphism in 16 samples. Twenty-three loci were polymorphic and selected for the genetic analysis of 83 individuals from three Chinese populations. The number of alleles per locus and population ranged from one to eight, the observed and expected heterozygosity from H o = 0.00-1.00 and H e = 0.00-0.83, respectively. Fifteen loci deviated from Hardy-Weinberg equilibrium in at least one of the three populations. The majority of loci could also be successfully amplified in four related species, namely Cryptomeria fortunei, Taxodium distichum, Taxodium ascendens and Cunninghamia lanceolata. These developed microsatellites are suitable for population genetic studies of Glyptostrobus pensilis and related species.
Introduction
Glyptostrobus pensilis (Staunt.) Koch is a monotypic genus in the conifer family Cupressaceae. In China, its distribution is centered in the Pearl River delta (Guangdong Province), the central region of Fujian Province, and the northeast part of Jiangxi Province (Li and Xia, 2004) . A few wild populations have also been found in Vietnam and Laos, extending its latitudinal distribution from 28° N to 13°N (Averyanov et al., 2009; Thomas and LePage, 2011) . The fossil record shows that G. pensilis became extinct in northeastern China and adjoining areas possibly during the early Pleistocene (LePage, 2007) . This species was widely distributed in Guangzhou, China until the late Holeocene (Xu and Li, 1959) , however, due to widespread cultivation over several centuries, the true natural distribution remains uncertain (Yu, 1995; Li and Xia, 2005) . During the Holocene, and especially over the last two millennia, the riparian and flood plain habitats of G. pensilis have been seriously impacted by human activities, especially as a result of the development of agriculture and rice cultivation. This has led to high individual mortality and the rapid decline of most G. pensilis populations (Li and Xia, 2004; Li and Xia, 2005; Nguyen et al., 2013) . Natural regeneration is extremely rare, probably due to low seed viability and loss of suitable habitat. Currently, G. pensilis is evaluated as Critically Endangered (CR) on the IUCN Red List of Threatened Species .
Simple sequence repeats (SSR) are co-dominant and highly polymorphic markers which can be developed cheaply and efficiently using next-generation sequencing technology (Simon et al., 2009) . Previous molecular studies on Glyptostrobus using chloroplast microsatellites (cpSSR) (Nguyen et al., 2013) and ISSR markers showed that genetic diversity was remarkably low (Li and Xia, 2005; Wu, 2011) . However, these studies only focused on a limited part of the distribution range of this conifer and to date, there have been no range wide studies of its genetic diversity and structure or its phylogeographic history. Recently, Wang et al (2019) developed 10 polymorphic microsatellite markers for this species using restriction site-associated DNA sequencing (RAD-Seq). In this study, we developed 23 Expressed Sequence Tag-Simple Sequence Repeat (EST-SSR) markers for G. pensilis using transcriptome data, which can be used to investigate its range wide genetic structure and phylogeography. Additionally, we tested the transferability of the loci in four related species: Cryptomeria fortunei, Taxodium distichum, Taxodium ascendens, Cunninghamia lanceolata.
Materials and Methods

Microsatellite detection
Fresh, young stems and leaf tissue of G. pensilis were collected from a plantation in Hunan Province (28°8'16.48"N, 112°59'28.36"E, 90m) and were immediately frozen in liquid nitrogen for RNA extraction. Total RNA was extracted using the RNAprep Pure plant kit (Tiangen) following the manufacturer's instructions. Qubit Flourometer and Agilent2100 were used to assess the concentration and the purity of the extracted RNA which was then used to construct a cDNA library and sequenced on a Illumina Genome analyzer HiSeq 2500 platform. Raw data were assembled de-novo using the software Trinity (http://trinityrnaseq.sourceforge.net/). The software MISA (http://pgrc.ipkgatersleben.de/misa/) was used to detect SSR motifs with 2, 3, 4, 5 and 6 bp nucleotide repeats. Primer3plus (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi) was used for primer design with the following parameters: primer length 18-27bp, annealing temperature 57-63°C, GC % content 20-80 %, and expected product length range of 100-300 bp; continuous A or T were not allowed in the 3' end. Loci with a minimum number of 8 repeats were selected for amplification as they may have higher polymorphisms (Ueno et al., 2012) . In total, 170 SSR loci were selected and evaluated for their suitability using 16 G. pensilis DNA samples (6 samples from DM, 5 from PNSL, and 5 from GZHN).
Microsatellite screening
Whole genomic DNA was extracted from dried leaves using the CTAB (cetyltrimethylammonium bromide) method (Tsumura et al., 1995) . PCR amplification was carried out in volumes of 20 µl using the following protocol: 10 μL of 2×Taq PCR Master Mix (constituent: 20 mM Tris-HCl, 100 mM KCl, 3 mM MgCl 2 , 0.1 U Taq Polymerase/μL, 500 μM dNTP each; Tiangen, Beijing, China), 1µl forward primer (10 µM) and 1µl reverse primer (10 µM), 3µl of 20-50ng/µl DNA template, and 5µl of ddH2O. The mixture was then cycled through the profile: 94°C for 4 min; 10 cycles of 94°C for 40 s, 65°C for 35 s (decreased by 1°C every cycle), 72°C for 30 s, followed by 32 cycles of 94°C for 40 s, 57°C for 35 s, 72°C for 30 s with a final extension at 60°C for 30 min. PCR products were visualized on a 2 % agarose gel. All loci which could be amplified successfully were tested individually using 16 G. pensilis samples to establish their polymorphic nature. For this second round of amplifications we used fluorescently labelled primers (FAM, HEX, TAMRA and ROX, Applied Biosystems) applying the same PCR protocol as above. PCR products were run on an Applied Biosystems 3130 Genetic Analyzer (ABI3130) adding a LIZ-500 labeled internal size standard (Applied Biosystems, Foster City, California, USA) to size fragments. The data were analyzed using the software Gene Marker V1.80. Among 170 SSR loci, 130 loci could be amplified successfully but only 23 loci were polymorphic and produced clear and interpretable peaks. The sequences of these 23 loci were deposited in the NCBI database (Table1) and used subsequently to investigate the genetic diversity of three Chinese G. pensilis populations (Appendix 1).
Table1
Characterization of 23 microsatellite loci developed in Glyptostrobus pensilis. 
Putative function Evalue
Unigene_6272
(AG) 
Results and Discussion
After cDNA library construction, transcriptome sequencing and quality filtering, a total of 106,901 unigenes were acquired with an average length of 872 bp. A total of 12,279 SSR motifs were identified in 9,597 unigenes. The SSR frequency, i. e. the ratio of unigenes with SSRs to the total number of unigenes was 8.98 %, including 1,892 unigenes that contained more than one SSR region. The distribution frequency of SSR motifs, i. e. the ratio of SSR loci to the total number of unigene was 11.48 %, which means that on average there is an SSR every 7.59 kb. Among the motifs identified, trinucleotide repeats were the most abundant type with a frequency of 43.36 %, followed by tetranucleotide (30.60 %), hexanucleotide (10.45 %), dinucleotide (8.67 %) and pentanucleotide repeats (6.92 %). Among the trinucleotide loci, the AAG/CTT motif was the most abundant, followed by AGG/CCT and AGA/TCT.
The number of alleles (A) varied from one to eight in each population, the effective number of alleles (A e ) ranged from A e = 1.00 to 5.97, the observed heterozygosity (H o ) from H o = 0.00 to 1.00, and the expected heterozygosity (H e ) from H e = 0.00 to 0.83. The polymorphic information content (PIC) varied between loci from PIC = 0.0120 to 0.7188, with an average of 0.4001 over all 23 loci (Table 2) . Fifteen loci deviated from Hardy-Weinberg equilibrium (HWE) in at least one of the three populations and three (Unigene_24035, Unigene_51014, Unigene_2343) showed significant deviation in all assayed populations (HWE, P < 0.05; Table 2 ) which might be due to the presence of null alleles. However, two out of these three loci (Unigene_51014, Unigene_2343; Table 2 ) exhibited an excess of heterozygotes in all populations compared to what is expected under HWE which is unlikely to be caused by null alleles. A possible explanation could be associative overdominance or that these loci do not behave in a strictly neutral way (transcriptome data) and are under selective pressure. However, the deviations from HWE could also be due to chance.
Additionally, cross-species amplification of the 23 loci developed in this study was tested in Cryptomeria fortunei, Taxodium distichum, Taxodium ascendens and Cunninghamia lanceolata (Appendix 1) using five individuals each. The number of loci that could be successfully amplified (n) and were polymorphic (n poly ) were as follows: C. fortunei (n = 22, n poly = 15), T. distichum (n = 22, n poly = 17), Ta. ascendens (n = 21, n poly = 18) and Cu. lanceolata (n = 16, n poly = 10) (Table 3) . Interestingly, out of the four species Cu. lanceolata had the lowest number of polymorphic loci. This may be due to the more distant genetic relationship of Cu. lanceolata which belongs to another subfamily (Cunninghamioideae) compared to Taxodium, Cryptomeria and Glyptostrobus which are all in the same subfamily (Taxodioideae) (Mao et al. 2012 ). In this study we developed 23 polymorphic microsatellite loci which can be used to assess the genetic diversity of G. pensilis populations and underpin conservation efforts for this threatened species. One of the 23 loci (Unigene_24035) showed significant deviation from HWE due to an excess of homozygotes in all assayed populations which might be due to the presence of null alleles and should be used with caution. Two loci (Unigene_51014, Unigene_2343) had significantly more heterozygotes than expected. As these loci were developed from transcriptome data, they might linked to regions of the genome which are under selection. If this is the case then Unigene_51014 and Unigene_2343 could potentially be useful to study adaptation. Additionally, the result of our cross-amplification test suggests that the 23 loci might also be useful in genetic studies of related species in Cupressaceae.
